A mathematical model is developed to simulate the electrowinning of non-noble metals (e.g., Zn, Cr) within flowthrough porous electrodes under the conditions of simultaneous evolution of hydrogen gas bubbles. The results of the model are presented as a function of several dimensionless groups representing kinetics, mass transfer, ohmic resistance, and gas bubbles. These coupled, nonlinear effects are investigated by examining the distributions of the metal reduction and hydrogen evolution currents, coulombic efficiency of the metal electrowinning reaction, and gas void fractions under a series of limiting conditions. The gas bubbles accentuate the nonuniform distribution of the potential and the currents of both reactions by increasing the effective resistance of the gas-electrolyte dispersion filling the pore space. This results in the underutilization of the internal surface area of the porous electrode and accelerates preferential localized plugging of the pores with the reduced metal. It can also instigate localized mass-transfer limitations, i.e., the polarization at some points within the pores becomes large enough to support the limiting current of the metal deposition reaction (i.e., it becomes mass-transfer controlled) while at other points lower polarizations and hence smaller currents prevail. Consequently, the optimum current which maximizes the removal rate of the metal is shown to be well below the theoretical limiting current of the electrode. This optimum current is significantly influenced by the evolving hydrogen gas bubbles. Neglecting this phenomenon leads to erroneous design and operational considerations.
Introduction
Flow-through porous electrodes are characterized by both high reaction rates per unit volume and high masstransfer rates. The theory behind the operation of porous electrodes has been developed to sophisticated levels; several reviews have been published on the theory and applications of these systems.~ ~ Flow-through porous electrodes have been used in charging and discharging of redox batteries for load leveling applications, 6'7 electrosynthesis, 8 water electrolysis, 9 destruction and removal of cyanide wastes from electreplating baths I~ and recovery of heavy metals from waste streams. I~-~ In this latter application, they have been particularly effective in electrowinning of relatively noble metals (e.g., Cu) where no gas bubbles are generated within the electrodeJ 6 The electrowinning of non-noble metals (e.g., Zn, or Cr) using porous electrodes requires different design and operating considerations since the inevitable generation of hydrogen gas bubbles within the pores can eventually render the electrode inoperable. The evolving hydrogen gas bubbles accumulate within the pores leading to a significant decrease in the pore electrolyte conductivity. ~7 Ateya and Ei-Anadouli TM recently modeled the effects of the evolution of hydrogen gas bubbles within the pores on the current and potential distributions within flowthrough porous electrodes and on their overall polarization behavior for the case of a single-electrode reaction (i.e., hydrogen evolution reaction). We present here an extension of this model to treat the case of multiple electrochemical reactions (i.e., metal reduction and hydrogen evolution reactions). Alkire and Gould ~9'2~ have earlier treated multiple reactions at flow-through porous electrodes. They predicted the current and potential distributions for the simultaneous deposition of metals from a mixture of their ions, the deposition of a metal in the presence of a redox reaction, and for a multiple step electro-organic synthesis. They assumed that the metal deposition reaction proceeds independently from the other reaction, and that no hydrogen evolution takes place. Experimental results on the electrowinning of zinc from alkaline zincates at a flow-through * Electrochemical Society Active Member.
Present address: Department of Chemistry, Faculty of Science, Cairo University, Egypt. ,1. Electrochem. Soc., Vol. 142, No. 12, December 1995 9 porous electrode have recently been reported. 21 Separating the effects of the hydrogen reaction from the kinetic and mass-transfer limitations of the zincate reduction reaction was not possible. While the effects of evolving gas bubbles on the polarization and current distributions and on the mechanism of mass transfer are well documented on planar electrodes, 22'23 they have not been quantified in porous electrodes.
The objective of this paper is to present a mathematical model to simulate the electrowinning of a non-noble metal, e.g., Zn or Cr, with simultaneous hydrogen evolution within a flow-through porous electrode. The model treats the effects of the simultaneously generated hydrogen gas bubbles on the distributions of potential, hydrogen evolution, and metal electrowinning.reactions, gas void fraction, and coulombic efficiency within the electrode and on its polarization behavior. The equations and analyses presented in this paper enable us to obtain quantitative answers for a given set of structural, transport, and/or kinetic parame- The Electrochemical Society, Inc. 4113
ters of the system. Such information can be used to guide the design and operation of the electrowinning process. Figure 1 is a schematic diagram of the packed bed compartment, reference, and counterelectrodes, and direction of electrolyte flow. The relative directions of current and electrolyte flow were chosen to suit the nature of the system. It has long been recognized 18' 2~ that favorable polarization conditions are obtainable when the countere]ectrode is positioned upstream to the electrolyte flow. However, we chose to place the counterelectrode downstream to avoid the problems associated with the hydrogen gas bubbles which are generated profusely at the polarized face of the working electrode and which were not taken into consideration in previous works. 1~ ' 25 The use of an upstream counterelectrode results in these gas bubbles either being forced through the pores of the electrode by the flowing electro]yte or being trapped at the entrance face of the electrode. Both possibilities result in significant increases in the polarization, which far outweigh the polarization decreases obtainable from an upstream placement of the countereletrode.
Development of the Mathematical Model
The reaction considered here is the deposition of a metal with simultaneous hydrogen evolution, in which the equilibrium potential of the metal deposition reaction is more negative than that of the hydrogen evolution. The main reactions are
2H § (aq) + 2e-= H2 (g) [2] where M is an active metal, e.g., Zn or Cr. The model is developed under the following assumptions: 1. The packed bed electrode has uniform porosity and sufficiently high electronic conductivity compared to that of the electrolyte, such that we may neglect the potential gradient within the solid phase of the packed bed. The packed bed is also assumed to be made of a substrate that does not undergo anodic dissolution under the prevailing conditions. It is characterized by a porosity, fl, and a specific surface area, S cm -1.
2. Ionic migration and axial diffusion and dispersion effects are negligible.
3. The model is formulated for steady-state operation leaving the study of the time effects for future work.
4. The metal deposition reaction is first order in the metal ion concentration.
5. Butler-Volmer kinetics govern the reaction rate for the metal reaction and Tafel kinetics govern the hydrogen reaction. The metal deposition reaction involves a two-electron transfer rate-determining stepJ 6 6. The mass-transfer resistance is due to a stagnant diffusion layer at the electrode-electrolyte interface within the pore structure, i.e., around the circumference of the packing particles. The thickness of this diffusion layer is assumed to be much less than the mean pore radius (in view of assumption 7 below) i.e., the electrode is assumed to be operated within the diffusional entry lengthJ 7 Under such conditions, the diffusion layer thickness and the local mass-transfer coefficient might well vary with the distance within the bed. Additional variations in these parameters might also result from the nonuniform distribution of the hydrogen gas bubbles generated within the electrode. In the absence of adequate correlations of this effect, we use an expression for the mass-transfer coefficient from the two-phase packed bed literatures as shown below.
7. The single-pass conversion efficiency is low, i.e., there are negligible changes in the concentration of the metal ions in the axial direction of convective flow. This corresponds to high electrolyte flow rates. The use of high electrolyte flow rates helps also to sweep the bubbles out of the pores and to increase the limiting current of the metal reduction reaction. In addition, if the metal ion is insoluble at high pH values, high flow rates can prevent a significant pH increase at the surface of the pores which could lead to premature plugging of the electrode. This results in an interesting optimization problem, the solution of which calls for the fundamental modeling of the rate processes involved.
The conservation of charge along with assumptions 4 and 5 relate the reaction current to the metal solution current (see Appendix A)
where iM(X) and jM(X) refer to the metal solution and reaction currents, respectively, and the rest of the variables are defined in the List of Symbols. The local limiting current density of the metal deposition reaction, iL.M, is based on the internal (true) area of the pore space and is related to the local mass-transfer coefficient and the bulk concentration by iL,lVi = nFkr~CM [4] Expressions for the local mass-transfer coefficient, km can be obtained from empirical correlations. 28 ' 29 For the hydrogen evolution reaction, the relationship between the hydrogen solution current, ill(x), and the reaction rate, j~(x), is given by
Note that the solution current densities, iM(x) and ill(X), are calculated on the basis of the geometrical cross-sectional area of the packed bed electrode. The overpotential is taken to be negative and the solution current positive for a cathodic reaction. The overpotentials operating on the individual reactions are related through the difference between their equilibrium potentials, i.e.
n~(x) = n~(x) + AE [6] where AE = E~ -E~. The total solution current is the algebraic sum of the two individual currents, i.e.
i(x) = iM(x) + ill(X) [7] Assumption 1, in conjunction with Ohm's law applied to the electrolyte, governs the variation in overpotential as the solution current travels through the gas-electrolyte dispersion filling the pore space. Thus
The conductivity of the gas-electrolyte dispersion within the pores, K(x), is a complex function involving the nature and concentration of the electrolyte, the porosity of the bed, and the void fraction of the gas filling the pore electrolyte, e. The gas void fraction varies with distance within the electrode following the variation of ill(X) which generates the gas bubbles. There are various correlations for the conductivity of such multiphase media. 3~ For the purpose of the present work, we use the Bruggeman's equation as an expression for the conductivity of the gas-electrolyte dispersion which fills the pore space, i.e.
K(x) = K ~ I0 -e(x)] m [9] where K ~ is the bulk electrolyte conductivity. The gas void fraction e(x) is related to the hydrogen current by 17 [10] where ~r is a factor which converts the hydrogen current to the volume of gas generated. Assuming ideal gas behavior, o-is given by 17
RT -2PF
[11]
where (r equals 0.127 cm3/C for the hydrogen evolution reaction at standard pressure and temperature. 
We now have six equations (Eq. 3, 5, 7-10) describing the distributions of six variables, i.e., iM, ill, i, ~, e, and ~. In order to minimize the number of the variables and to obtain results of general applicability, the variables in the governing equations are put in dimensionless forms. The currents are normalized with respect to the cell current, io~, the polarization is presented in multiples of b (b = RT/F), the distance is normalized with the respect to the bed thickness, L, and the pore electrolyte conductivity is normalized with respect to the conductivity of the bulk electrolyte, ~~ Thus
dy -
d~(y)
[14] [15] e(y) 0ill__ (y) [16] -i~(y) + F K(y) = [0 --e(y)] m [17] where y = x/L, is the dimensionless distance and the variables with overbars denote_normalized variables, i.e.,
i(y) = K~(y)-dy i(y) = i~(y) + i~(y)

i (y) = i(x)/i~ou, ~(y) = ~(x)/b, and K(y) = K(X)/K ~
The cell current is an important operating parameter, hence it furnishes a more useful basis for normalization. Five dimensionless groups result from this normalization. Table I i.e., it is the ratio between the local dimensionless metal reaction current at a particular location to the total dimensionless reaction current at the same location.
The total coulombic efficiency for the metal deposition reaction, ~total, can be obtained from the normalized metal solution current at y = 0 (by virtue of their being equal), or by integrating the metal reaction rate over the thickness of the electrode, i.e.
where iMl~-0 is the dimensionless metal solution current at the front of the electrode.
Significance of the dimensionless groups.--1. The dimensionless exchange current of the metal electrowinning reaction, Io,M = io,~SL/icen. It is the ratio between the effective exchange current density of the bed for the metal deposition reaction, io,~SL, and the cell current, icon. Smaller values of Io,M correspond to significant charge-transfer (activation) control on the rate of electrowinning.
The dimensionless limiting current of the metal electrowinning reaction, IL = in,MSL/ir
It is the ratio between the effective limiting current supported by the total internal surface area of the bed, iL,~SL, and the cell current. Smaller values of IL correspond to significant mass-transfer control on the electrowinning reaction.
3. The kinetic ratio, Io,M/Io,H = io,M exp (ahE)/io,H. It is the ratio of the exchange current density of the metal deposition reaction (at its equilibrium potential) and the rate of hydrogen evolution at the same potential. This is the more significant group in determining the coulombic efficiency. Larger values of this ratio favor high coulombic efficiencies.
4. The dimensionless bubble group, F = Q/~ir It measures the ratio of the electrolyte flow rate to the cell current. It combines the electrolyte flow rate, Q, temperature, T, the prevailing pressure, P (through ~, see Eq. 11) and the cell current, io~1~. Small values of F indicate more predominant bubble effects. This is obtained under conditions of high cell currents and/or low electrolyte flow rates.
5. The dimensionless conductivity group, K = ~~ This is a very significant group with regard to the ohmic potential drop within the pore electrolyte. The reciprocal of this quantity (i.e., LioJK~ has the same form as the index of ohmic effect. .7 It is equal to the maximum ohmic potential drop within the bed (in multiples of b). It can be obtained only if the cell current flows through the entire thickness of the bed. Large values of K indicate lower extents of ohmic control. This group also bears strong resemblance to the Wagner's polarization parameter 32 which determines the potential and current distributions in electrochemical systems.
Results and Discussion
The above system of equations combines the effects of the charge-transfer kinetics, mass transfer, ohmic resistance, and gas bubbles on the distributions of the polarization, the hydrogen evolution and metal electrowinning currents, gas void faction and pore electrolyte conductivity within the porous electrode, and on its overall polarization behavior. The system is quite nonlinear and the variables and parameters are highly interlinked. Hence the equations are solved and the discussion presented for several cases of varying degrees of complexity so that we can better expose the physical significance of the model parameters and its predictions. Table II shows the four different cases with their equations, controlling groups, and the limits of each case.
Case I. Negligible ohmic resistance.--Under the conditions of negligible ohmic resistance, the dime_nsionless conductivity group is large (i.e., K-~), hence d~/dy = 0, i.e., ~ is constant within the bed. This results in completely uniform current distributions and equal local and total coulombic efficiencies. Equations 12, 13, and 15 are sufficient to describe the system. Substituting Eq. 12 and 13 into Eq. 18 gives
[2o] Equation 20 shows that the coulombic efficiency is a function of the dimensionless polarization, ~M, ~, and ~, the kinetic ratio, Io,M/Io,H, and the ratio of kinetics to masstransfer resistances of the metal reduction reaction, Io,M/In. Figure 2 shows the effect of ~M on the ~tot~l for four different combinations of values of a, ~, and In.
When ~M is small (i.e., ~ < -1), the four cases show only a slight difference in behavior. This low polarization is of "In all of these cases the parameters Io,~, c~ and O were used as constants equal to 0.1, 0.5, and 0.7, respectively. In cases II through IV, 13 = 1.o.
only limited practical interest as it supports low reaction rates. Furthermore, the metal reaction is in the near reversible region where metal dissolution seriously affects the coulombic efficiency as shown in Fig. 2 . Of more interest is the behavior at higher polarizations (i.e., ~M > --1), as discussed below.
In case a, Fig. 2 , at high polarization, both the metal deposition and hydrogen evolution reactions are equally sensitive to the polarization as c~ = ~. Hence, Eq. 23 yields
(/~176
[21]
i.e., the coulombic efficiency is independent of the polarization. It depends only on the kinetic ratio (Io.M/Io,~). In but it provides no advantage from the standpoint of coulombic efficiency.
In case b, when c~ = 2~ = 0.5, i.e., the hydrogen reaction is twice as sensitive to the polarization as the metal reduction reaction, the coulombic efficiency is given at high polarization by ( Io,M/ Io,~) [22] 
Thus, as the polarization becomes more negative (more cathodic), the coulombic efficiency decreases. Therefore, in order to maximize the coulombic efficiency, it is necessary to operate the cell at low overpotentials. However, low overpotentials result in low currents and hence, low removal rates.
Case c, Fig. 2 , is the most favorable as the metal reaction is twice as sensitive to the polarization as the hydrogen reaction, since a = 13/2 = 0.5. The coulombic efficiency is given at high polarization by As the polarization becomes more negative, ~total increases. This is the most desirable case, since high removal rates and high efficiencies can be achieved simultaneously.
Case d, Fig. 2 , is similar to case c except that in case d, the metal reaction is limited by mass transfer at high cathodic polarization, i.e., ~OM > --2. Hence, the coulombic efficiency decreases progressively with increasing cathodic polarizations. As the cathodic polarization increases, the rate of hydrogen evolution increases while that of metal deposition remains constant, at the limiting current, due %o masstransfer limitations. Of the four cases shown in Fig. 2 , cases c and d are discussed in further detail here because of their practical significance. Figure 3 shows the effects of kinetic ratio, lo,m/lo,m on [tot~1 at different values of Ia. AS lo,M/lo,~ increases, the coulombic efficiency increases until it reaches a limiting value, the magnitude of which is dependent on IL. AS lo,~/lo,H increases the metal reaction is favored over the hydrogen reaction. However, since the metal reaction is mass-transfer limited, [tot.1 reaches a limiting value which corresponds to the mass-transfer limiting current. This limiting value equals the dimensionless limiting current. For example at IL = 0.5, the limiting value of the coulombic efficiency equals 0.5. When mass transfer is not limiting (i.e., the limiting current is much greater than the cell current; IL >> 1) ~total is determined by the kinetic ratio. As the latter increases, the former increases approaching the limiting value of 1 at a kinetic ratio greater than 10. a degree of nonuniformity of the distribution of ~M and JM. As the conductivity decreases, the polarization and both currents become increasingly nonuniform. At K = 5 • 10 -2, the reactions are localized in a rather thin region near the exit face of the electrode. Figure 6 shows the effect of the dimensionless conductivity group, K, on ~totat at different values of the kinetic ratio. As K increases, ~tot~l decreases in a nonlinear fashion and approaches a low limiting value at sufficiently high K. This decreases, the total coulombic efficiency increases. The decrease in K is accompanied with an increase in the magnitude of the polarization at the front of the electrode. Case c in Fig. 2 indicates that for ~ = 6/2, ~tot~1 increases with increasing cathodic polarization.
Case II. Appreciable ohmic resistance: negligible gas bubbles, negligible mass-transfer resistance.--Figures
Case III. Appreciable ohmic resistance: appreciable mass-transfer resistance with negligible gas bubble formation.-- Figure 7 shows the effects of the dimensionless total limiting current, IL, on the total coulombic efficiency of metal reduction at different values of K. For a certain value of K, as I L increases, ~total increases. That is, decreasing the mass-transfer resistance always increases the efficiency of electrowinning.
Furthermore, in the absence of masstransfer resistance (i.e., IL --> 30), as the conductivity increases the coulombic efficiency decreases. This confirms the trend shown in Fig. 6 . Under this condition a decrease of the conductivity forces the reaction closer to the exit face of the electrode, a condition which leads to an increase in local polarization and hence in the total coulombic efficiency.
On the other hand, an opposite trend is observed at low values of IL, i.e., IL < 4, where an increase in the conductivity is seen to cause an increase in ~tot~l. At low conductivity, most of the metal deposition reaction occurs in a thin layer near the exit face of the electrode (see Fig. 5 ), where the magnitude of cathodic polarization is quite high (see Fig. 4 ). While this excessive cathodic polarization can drive the hydrogen evolution reaction to support higher currents, it has no effect on the metal deposition current as it is mass-transfer limited. Consequently, the local coulombic efficiency is low. Therefore, local mass-transfer limitation can set in even when the dimensionless total metal reaction current (i.e., iMIy=0) is well below the total limiting current.
For example, at IL = 1.5 and K = 1.25 • i0 -~ (the dotted line in Fig. 7 , the value of iMly=0 = ~tot,1 = 0.15. This value is a factor of 10 less than the total limiting current and yet the masstransfer effects are important. Thus low conductivity increases the current efficiency in the absence of mass-transfer resistance. However, in the practical case where mass-transfer limitations are observed, (i.e., at low values of IL) high electrolyte conductivity results in high efficiency as revealed by Fig. 7 .
The effects of combined ohmic and mass-transfer resistances can be further explained by studying the local coulombic efficiency. Figure 8 shows the distribution of the local coulombic efficiency at different values of IL. For the case of negligible mass-transfer resistance (i.e., I~ = 10), the nonuniformity of the local coulombic efficiency is attributed to ohmic control. At lower values of IL, the metal reaction is under combined mass-transfer and ohmic control. The figure showns low coulombic efficiency at the front of the electrode due to mass-transfer restrictions on the metal reduction reaction in the presence of high hydrogen evolution current due to the high polarization. At relatively small penetrations within the electrode (e.g., y = 0.2).
the cathodic polarization decreases. However, it is still large enough to support the limiting current of the metal reaction. The hydrogen evolution reaction decreases as a result of the decreases in the cathodic polarization. Consequently, we observe a maximum in the local coulombic efficiency.
Case IV. Appreciable ohmic resistance: Formation of gas bubble with appreciable mass-transfer resistance.--As hydrogen gas bubbles are generated, the cross-sectional area available for ionic flow decreases, and the effective coductivity of the pore electrolyte decreases (see Eq. 9, 17). As the electrolyte enters the porous electrode at x = L, it undergoes a reaction at a low rate, by virtue of the low polarization at x = L. This current has two effects: (i) it generates gas bubbles (at a correspondingly low rate) which disperse in the pore electrolyte and increase its resistivity, and (it) it generates an ohmic potential drop in the pore electrolyte, as is flows up toward the polarized face of the electrode. This results in an increase in polarization at larger distances from x = L. As the polarization increases, more current is generated, more bubbles are dispersed in the pore electrolyte producing further increase in its resistivity and a greater potential gradient, and so on. 17 To quantify the effects of gas bubbles, Eq. 12-17 were solved simultaneously, taking account of the dimensionless bubble group, F, which expresses the extent of bubble formation. Figure 9 shows the effect of the dimensionless bubble group, F, on the distribution of gas void fraction. The decreases. The decrease of pore electrolyte conductivity leads to nonuniform potential distribution which leads to greater localization of the reaction toward the front of the electrode, see Fig. 4 and 5. Figure 11 shows the effects of the dimensionless bubble group, F, on the current distributions of the metal reaction at a constant value of K = 2.5. As F decreases the reaction current becomes more nonuniform. Neglecting the effects of gas bubbles produces erroneous results. This points to the deleterious effects of gas bubbles on the conductivity of the pore electrolyte and hence on the current and potential distributions and on the overall polarization behavior of the electrode. For large values of F, i.e., F > 25, the gas void fraction is relatively small (see Fig. 9 ), and the metal reaction is uniformly distributed pointing to negligible bubble effects. Figure 12 shows the effect of the bubble product, Q/cr, on the relation between the cell current, i~e~ and the total coulombic efficiency of the metal deposition reaction. For the purpose of this figure, we use the dimensional bubble product, Q/r rather than the dimensionless bubble group, F, so that we can explore the effect of the cell current. As i~d~ increases, the total coulombic efficiency increases until it reaches a maximum and then decreases with further increase in the cell current. As the cell current increases, the polarization increases. Since the metal reaction is more sensitive to the polarization than the hydrogen evolution reaction (by virtue of the assumption of a = ~/2 = 0.5), the rate of the former reaction increases faster than that of the latter. Consequently, the coulombic efficiency increases until it reaches the maximum at which the limiting current of the metal reaction is reached. With further increase in the cell current and hence in polarization, the rate of the hydrogen reaction increases as it is not mass-transfer controlled 33 while the rate of the metal deposition reaction cannot exceed its limiting current. Consequently, the coulombic efficiency decreases. The maima seen in Fig. 12 indicate that there is an optimum range of the cell current which maximizes ~tot~1. Furthermore, as the bubble product, Q/~r decreases, the range of cell currents which corresponds to the maximum value of the coulombic efficiency decreases. That is, the optimum operating cell current decreases with an increase in the formation of bubbles. The formation of gas bubbles retards the operation at high cell current, i.e., it leads to a decrease in the rate of electrowinning of the metal. Figure 12 points to this serious effect of the gas bubbles on the total coulombic efficiency of the cell. If one is forced to run the cell at low values of bubble product, the operating cell current must be kept low to avoid the predominance and consequences of bubble effects. This obviously means low rates of electrowinning. An optimization problem emerges. The equations and algorithms presented here enable one to evaluate the effects of the set of parameters chosen for any option.
Conclusions
We presented a mathematical model to stimulate the electrowinning of non-noble metals accompanied by simultaneous generation of hydrogen gas bubbles within the pores of flow-through porous electrodes. The model accounts for the charge-transfer kinetics, the ohmic potential drop within the gas-electrolyte dispersion filling the pore space, and the interfacial mass transfer between the porous electrode and the flowing electrolyte. These coupled, nonlinear effects influence the distributions of potential, hydrogen evolution, and metal deposition reactions, coulombic efficiency, gas void fraction, and hence pore electrolyte conductivity within the bed. To understand these complex interactions, simulations were presented under a series of limiting conditions.
The gas bubbles accentuate the nonuniform distribution of the reaction by increasing the effective resistance of the electrolyte. Mass-transfer resistance further limits the operation of the cell since a nonuniform potential can lead to mass-transfer limited current locally within the pores. Therefore, an optimum current which maximizes the removal rate of the metal is predicted at currents well below the theoretical limiting current of the electrode. This optimum current is significantly influenced by the evolving hydrogen gas bubbles and neglecting this phenomenon in the simulations could lead to erroneous design and operational guidance. The effect of gas bubbles is expressed in terms of the dimensionless bubble group, F, or the dimensional bubble product, Q/(r. The operation of the cell is advisable under conditions of large values of F, i.e., high electrolyte flow rates.
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APPENDIX
Derivation of Eq. 3
Assume that the metal deposition reaction is under both activation and concentration polarization control. Then, the reaction current per unit reaction surface area, j~JS, is given by Io.M/Io ~dimensionless group, io ~ exp (cr AE)/io ~, Table I j(x) ' local reaction current per unit volume of the packed bed, A cm -3 (y) dimensionless local reaction current, j/(ieen/L) km local mass-transfer coefficient, cm s ~ K dimensionless conductivity group K ~ b/Li~i1, Table I L electrode thickness, cm P pressure, atm Q electrolyte flow velocity, cm s -1 R gas constant, 82.06 cm ~. atm/mol 9 K S specific surface area, cm -~ T absolute temperature, K x distance within the electrode, cm y dimensionless distance within the electrode c~ charge-transfer coefficient of the hydrogen evolution reaction charge-transfer coefficient of metal reduction coulombic efficiency e the gas void fraction of the pore volume, dimensionless, Eq. 19 K(x) pore electrolyte conductivity, Et -I cm i , Eq. 9 dimensionless, pore electrolyte conductivity, Eq. 17 ~!Y) conductivity of the bulk electrolyte, ~ i cm i F dimensionless bubble group, 2 PFQ/RTice11, Table I 0 porosity ~M metal reaction overpotential, V ~H hydrogen evolution reaction overpotential, V const. = RT/2PF, cm 3 C ~, Eq. 11
